Macrophage-derived foam cells are a prominent component of developing atherosclerotic lesions. We describe an in vitro model of foam cell formation which mimics some aspects of the evolution of foam cells in mature atherosclerotic lesions. Thioglycollate-elicited mouse peritoneal macrophages were incubated with copper-oxidized LDL (ox-LDL) for periods up to 168 hr. Identifiable foam cells were present after incubation with ox-LDL at 24,72, and 168 hr. Control cells incubated without ox-LDL did not form foam cells. Fluorescence microscopy after staining with Nile red exhibited progressive accumulation of lipids, and transmission electron microscopy (TEM) showed distinct ultrastructural changes over time. Macrophages at 24 hr had a few non-membranebound lipid droplets but were otherwise identical to control cells. These lipid droplets fluoresced yellow-gold after Nile red staining. After 72 hr of incubation with ox-LDL, in addition to increased numbers of non-membrane-bound lipid inclusions, macrophages contained membrane-bound multilamellar lipoid structures. These multilamellar structures
Introduction
An early manifestation of the developing atherosclerotic lesion is the accumulation of lipids within macrophage foam cells in the intima. Recent studies have demonstrated that both smooth muscle cells and monocyte-derived macrophages in the vessel wall accumulate cholesterol and develop a characteristic foam cell appearance (1, 2) . Three types of intracellular lipid deposits (cytoplasmic lipid inclusions, lysosomal lipid bodies, and cholesterol crystals) have been described in macrophage foam cells of lesions from rabbits after a high-cholesterol diet (3) (4) (5) . The progression of macrophage-derived foam cell formation in vivo is believed to involve Correspondence to: Anne M. Klinkner, Cellular Pathology UE0462, SmithKline Beecham Pharmaceuticals, PO Box 1539, King of Prussia, PA 19406. corresponded to areas of reddish-orange fluorescence after Nile red staining. In macrophages incubated with ox-LDL for 168 hr, the amount of cellular lipid was further increased and cholesterol crystal profiles were apparent within some multilamellar lipoid structures. Biochemical analysis showed that the total cholesterol content steadily increased over 168 hr. The increase in total cholesterol was accompanied by a dramatic increase in free cholesterol between 72 and 168 hr. These results demonstrate that long-term incubation of macrophages with ox-LDL increased lipid deposition in cultured cells and that, under the conditions studied, cholesterol crystals formed in macrophage foam cells. Moreover, this system allows investigation of the evolution of foam cells showing some characteristics of those found in atherosclerotic lesions. the following: (a) recruitment of blood monocytes that differentiate into tissue macrophages; (b) receptor-mediated uptake of oxidized low-density lipoproteins (ox-LDL) by the macrophages to form foam cells; (c) lysosomal overloading with unprocessed LDL and development of phospholipid-rich lipid inclusions; and finally (d) crystallization of cholesterol in the lysosomal bodies (4) . Cholesterol diet-induced lesions in rabbits and pigeons (6-8) possess lipid deposits similar to those seen in atherosclerotic lesions in humans (9) (10) (11) . The formation of crystals probably represents a late stage in the evolution of lipid deposits in the atherosclerotic lesion, since cholesterol in the crystalline state is relatively inert (12) .
Foam cell formation can be modeled in vitro because modified (oxidized or acetylated) LDLs are actively taken up by macrophages via the scavenger receptor (13) . Many types of cells have been cultured to demonstrate foam cell formation: RAW264 (14) and J774 (15) (16) (17) (18) (19) ) murine macrophage cell lines and primary cell cultures such as mouse peritoneal macrophages (20), human fibroblasts (21), rab-bit aortic endothelial cells (13) , and monkey aortic smooth muscle cells ( 2 2 ) . However, none of these systems utilized a primary macrophage cell culture incubated with ox-LDL for longer than 4 days.
The purpose of these studies was to follow the evolution of foam cell formation in an in vitro system to determine if long-term incubation of elicited macrophages in the presence of ox-LDL could, in part, mimic foam cell formation in vivo.
Materials and Methods
Preparation of LDL. Human LDL, oxidized in vitro with copper, was used to induce foam cell formation. Ox-LDL was chosen for several reasons. Ox-LDL is present in vivo, whereas acetylated LDL (acetyl-LDL) is not. Furthermore. there is some question as to whether these ligands bind to the same scavenger receptor (13) , and it has been demonstrated that these two modified forms of LDL have different effects on cholesterol esterification (23). Oxidation of LDL in vivo may be related to the presence of low concentrations of copper and iron (24) Human LDL 1.019-1.063 glml, prepared from fresh human plasma and stored in 0.15 M NaCI-O.Ol% EDTA (pH 7.4) before use. was purchased from Sigma (St Louis, MO). The LDL was dialyzed at 4'C for 24 hr against three changes of at least 150 volumes of Dulbecco's PBS (DPBS), pH 7.4, to remove the EDTA. Copper ion-induced oxidation of LDL was achieved by incubation of LDL (100 pg proteinlml) in O.15M NaCl with CuSO4 (2.5 pM) for 18 hr at room temperature (RT) [thiobarbituric acid-reactive substance (TBARs) 30-34 nmol MDA equivalentlmg protein]. The amount of protein was determined in LDL and ox-LDL by the bicinchoninic acid method (Pierce Chemical; Rockford, IL). The absorbance of the samples and BSA standards was read at 562 nm by a Beckman DU-65 spectrophotometer.
TBARS Assay. The extent of lipid peroxidation was assessed with the TBARS assay to detect malondialdehyde (MDA)-like compounds (25) . Briefly, 400 pl of 20% trichloroacetic acid and 400 pI of 1% thiobarbituric acid were added to a 40O-pl sample of ox-LDL (40 pg protein). The mixture was incubated at 1OO' C for 30 min, cooled, and the optical density read at 532 nm by a Beckman DU-65 spectrophotometer. 1,1,3,3-Tetramethoxypropane was used as a standard. The amount of TBARS is expressed as nmol MDA equivalentlmg protein.
Cell Culture. These studies employed thioglycollate-elicited mouse peritoneal macrophages. These cells are believed to originate as circulating blood monocytes that develop into fully differentiated tissue macrophages (26). Therefore, we felt that macrophages were an appropriate model for monocytelmacrophages recruited into the vascular wall. Macrophages were harvested from the peritoneal fluid of male Balblc mice (6-12 weeks old) 4 days after IP injection of 2.5 ml of 3% thioglycollate medium (Sigma). The cells were plated in DMEM containing 10% fetal bovine serum with penicillin (100 Ulml) and streptomycin (100 pglml) at 2.25 x lo6 cellslwell in 6-well tissue culture plates and at 5 x lo5 cellslwell in 24-well tissue culture plates. For Nile red fluorescence staining, macrophages were plated at 5 x 105 ceIIs/weII in 24-weIl tissue culture plates containing poly-L-lysine-coated coverslips. The macrophages were allowed to adhere by incubation for 4 hr at 37°C in an atmosphere of 5% c02/95% air. Adherent macrophages were washed three times with DMEM and cultured at 37°C in a CO2 incubator in a 1:l mixture of Ham's F-10 medium [20% fetal bovine serum, penicillin (200 Uiml) and streptomycin (200 pglml)] and 0.15 M NaCI, with or without copper-oxidized LDL at 100 pg proteinlml. For experiments greater than 72 hr duration, the medium was replaced every 3 days.
Fluorescence Microscopy and Microfluorimetry. At 24, 72, and 168 hr. macrophages cultured on poly-L-lysine-coated glass coverslips were fixed with 1.5% glutaraldehyde in DPBS for 5 min. Coverslips were rinsed by immersion in DPBS for 5 min, immersed in a fluorescent stain containing 0.5 pglml Nile red and 25 pglml Hoechst 33258 for 5 min, rinsed by immersion in DPBS for 5 min, and briefly rinsed with distilled water. The coverslips were mounted in Crystal Mount (Biomedia; Foster City, CA) and fluorescence was observed with a Nikon Fluophot (excitation wavelength 290-420 nm; emission wavelength cut-off 520 nm) (22) . For microfluorimetry, cells were imaged at x 40 original magnification with a Sony video camera and the images stored digitally. Fluorescence intensity at 597-612 nm (reddish-orange) and 583-596 nm (yellow) was measured on a per cell basis, 36 cells per group at each time point, using ImagePro Plus software (Media Cybernetics; Silver Spring, MD). Fluorescence intensity data were expressed on a linear scale in arbitrary units (Channels 1-14).
Transmission Electron Microscopy. At 24, 72, or 168 hr, macrophages grown in 24-well tissue culture plates were fixed with 1.5% glutaraldehyde in DPBS and stored at 4°C. Samples were rinsed in DPBS, post-fixed in potassium ferrocyanide-reduced osmium (27) , dehydrated in a graded series of ethanol, freed from the plastic substrate with propylene oxide, and embedded in EMBed 812 (EM Sciences; Ft Washington, PA). Sections were cut on a Reichert Ultracut E, stained with uranyl acetate and lead citrate. and examined at 80 kV with a JEOL 1200 electron microscope.
Determination of Macrophage Cholesterol Content. At 24, 72, or 168 hr the culture medium was removed from macrophages grown in 6-well tissue culture plates and cell lipids were extracted by the addition of hexane:isopropanol(3:2, v:v) (28). Free and total cholesterol content were determined enzymatically by the method of Sale et al. (29) . Cholesterol ester content was calculated as the difference between total and free cholesterol.
Results

Fhorescence Microscopy
Control macrophages incubated for 24, 7 2 , or 168 hr without ox-LDL were similar in morphology. Approximately 3% of these cells had Nile red-stained droplets (Figure la ). In the cells that had Nile red-stained inclusions, there were typically 25-50 droplets/cell. These structures emitted the yellow-gold fluorescence characteristic of the emissions wavelength of Nile red in a neutral lipid milieu (30) . Incubation with native (non-oxidized) LDL resulted in no significant accumulation of lipids.
In contrast, macrophages incubated with ox-LDL showed distinctive changes in the intensity and distribution of fluorescence staining and the emission spectrum of Nile red over time. After incubation for 24 hr with ox-LDL, macrophages showed a slight increase in the number of Nile red-stained inclusions ( Figure Ib) . Approximately 50% of the cells contained 5-10 yellow-gold dropletslcell. These droplets, however, were typically one half the diameter of those seen in the control cells.
At 7 2 hr, cells incubated with ox-LDL showed a marked increase in intensity of Nile red fluorescence ( Figure IC) . Neutral lipid yellowgold droplets predominated, with 10-50 droplets/cell. Some of the yellow-gold droplets were larger than those in the cells incubated for 24 hr with ox-LDL. Also noted in 75% of the cells containing lipid droplets was an increase in reddish-orange fluorescence with poorly defined margins. The characteristic emission of Nile red in a relatively polar lipid milieu is a reddish-orange color (30) . In cells incubated with ox-LDL for 168 hr ( Figure Id) , almost 90% of the cells contained yellow-gold fluorescent droplets. Ten to 50 droplets were observed per cell. Approximately 10% of cells had more than 50 Nile red-stained yellow-gold droplets. The yellowgold droplets in these cells were similar in size to those seen in cells incubated for 72 hr with ox-LDL. Also increased was the reddishorange fluorescence. Approximately 90% of the cells showed prominent reddish-orange fluorescence, indicating increased phospholipid content (21). At higher magnification, the reddish-orange staining appeared flocculent and feathery in the cytoplasm; yellowgold droplets were interspersed in the cytoplasm and were present at the periphery of the cell. The results of the microfluorimetry measurements are shown in Figure 4 . Quantitation of Nile red fluorescence at 597-612 nm (reddish-orange) showed that mean fluorescence intensity increased for the first 72 hr (7.29 * 0.26 vs 1.28 0.05 control) but then decreased between 72 and 168 hr (7.29 * 0.26 and 5.14 * 0.19).
In contrast, mean fluorescence intensity at 583-596 nm (yellow) was only slightly increased over the first 72 hr 
ELectron Microscopy
Ultrastructurally. control cells incubated without ox-LDL. at all time points evaluated, were morphologically consistent with normal mac-rophages (Figure 2a) . The cells possessed a lobular nucleus, rough endoplasmic reticulum, Golgi apparatus in a perinuclear location, non-membrane-bound lipid inclusions, and primary and secondary lysosomes. They also exhibited large vacuoles, presumably containing agar derived from the thioglycollate elicitation medium. These vacuoles diminished in size over time, with a concomitant increase in electron density. A small fraction of cells contained lipid droplets and had an appearance similar to foam cells. After incubation in medium without ox-LDL, cells with lipid inclusions were still found, but the number and size of lipid droplets appeared reduced at later time points.
Macrophages incubated with ox-LDL for 24 hr were similar to control cells. The cells retained thioglycollate-filled vacuoles. Lipid inclusions were non-membrane-bound and were slightly increased in number, although some of the inclusions were distinctly smaller and more osmiophilic than inclusions observed in the controls (Figure 2b) .
Macrophages incubated with ox-LDL for 72 hr were a heterogeneous population. A fraction of cells were similar to controls, whereas others resembled cells incubated with ox-LDL for 24 hr. In addition to non-membrane-bound lipid droplets, a portion of macrophages contained polymorphic vacuoles with multilamellar whorls and lipoid inclusions (Figures 2c and 2d) . The size and shape of these structures were highly varied, as was the relative appearance of lamellar vs lipoid content. The ultrastructure of the vacuoles suggested that they were secondary lysosomes and the lamellar inclusions suggest that they contained relatively large amounts of phospholipids. Similar structures have been described for extracellular lipoid particles from human atheromas (31) .
--
Figure 2 Electron micrographs of mouse peritoneal macrophages (a) Control macrophage after 168 hr incubation without ox-LDL Cell cytoplasm has mitochondria (M) and thioglycollate-filled vacuoles (V), but no lipid inclusions or lipoid lysosomal bodies (b) Macrophage after 24 hr of incubation with ox-LDL Cells have non-membranebound lipid inclusions (L) and large thioglycollate filled vacuoles (V) (c) Macrophage after 72 hr of incubation with ox-LDL Cells have non-membranebound lipid inclusions (L) in addition to multilamellar lipoid lysosomes (Ly) (d) Macrophage after 168 hr of incubation with ox-LDL Cells have nonmembrane-bound lipid inclusions. many Itpoid lysosomes (Ly), thioglycollate-filled vacuoles (V), and a cholesterol crystal profile within a lipoid lysosome (C) Original
Cells incubated with ox-LDL for 168 hr were similar in heterogeneity to cells incubated for 72 hr, and, as at the 72-h time point. cells of all three morphological types described above were present. However, at this time an additional subpopulation was found which contained cholesterol crystal profiles, alternatively described in the literature as cholesterol clefts. Lysosomal lipoid bodies were extensive and contained any or all of the following: multilamellar phospholipid whorls (Figure 3a) , lysosomal lipid pools that appeared to be in the process of conversion from the fluid to the crystalline state ( Figure 3b ). and profiles of distinct crystals (Figures 3b-3d ). Fully developed crystal profiles were observed and were surrounded by a few phospholipid lamellae that closely followed the contours of the crystal in two distinct shapes, a short bar shape (Figure 3c ) or a long, thin arc (Figure 3d ).
Biochemistry
The results of the biochemical analyses are shown as total, free, and esterified cholesterol content in Table 1 . The data represent six replicates and are expressed as mean t SEM. Control macrophages at all time points analyzed contained approximately 60% free cholesterol and less than 40% esterified cholesterol. Incubation of macrophages with ox-LDLover 168 hr resulted in increased total, free, and esterified cholesterol. Macrophages incubated for 168 hr with ox-LDL contained approximately twofold more total cholesterol than control macrophages, with more than 45% as esterified cholesterol. Despite this change in the free to esterified ratio, the absolute value of free cholesterol increased dramatically between 72 and 168 hr.
Discussion
We have followed the progression of foam cell formation in macrophages incubated with ox-LDL for 168 hr. Fluorescence microscopy and microfluorimetry showed an increase in intensity of Nile red staining as well as changes in its cellular distribution and its emission spectrum. Electron microscopy revealed non-membrane-bound lipid droplets at 24 hr, lysosomes containing heterogeneous lipoid material and multilamellar structures at 72 hr, and cholesterol crystal profiles in lipoid lysosomes at 168 hr. Biochemically, macrophages incubated with ox-LDL demonstrated a twofold increase in total cholesterol content over 168 hr ( Table 1) .
The use of cell culture to generate foam cells andlor other inclusions morphologically similar to those in lesions from in vivo experiments has been well documented. However, to the best of our knowledge, the development of cholesterol crystals in vitro using primary macrophage cultures incubated with ox-LDL has not been reported previously. Brown et al. (20) investigated the accumulation of free and esterified cholesterol in macrophages incubated with acetyl-LDLfor 4 days and found that the majority of accumulated cholesterol was present in non-membrane-bound droplets. In a study of J774 cells incubated with either acetyl-LDL or cholesterol-rich liposomes for 3 days, microcrystals of cholesterol palmitate were found suspended in a fluid cholesterol ester phase bounded by a phospholipid-protein monolayer (18). These results were found with differential scanning calorimetry, and electron microscopic images were not taken to confirm the existence and smectic character of the crystals. Tabas et al. (16) have demonstrated accumulation of esterified lipid in J774 cells over 72 hr using unmodified LDL. However, TEM was provided at only 48 hr, which in our investigations is barely long enough to generate phospholipidladen lysosomal bodies. The fact that both the LDL receptor and HMG-CoA reductase in J774 cells are resistant to down-regulation may explain the ability of these cells to accumulate cholesterol ester even though the LDL is not oxidized. Cholesterol content of tion of free, esterified, and total cholesterol at 24 and 72 hr was similar to what we observed in this study. However, termination of the experiment at 72 hr prevents comparison to our 168-hr time point, at which there was a significant change in the rate of accumulation of cholesterol, especially in the free cholesterol fraction. Recently, Tangirala et al. (15) showed that J774 cells incubated with cholesteryl oleate droplets for 24 hr, followed by an additional 24 hr with 1% BSA, accumulate nonesterified (free) cholesterol in the form of cholesterol monohydrate crystals.
The evolution of atherosclerotic lesions in rabbits fed a highcholesterol diet over a 6-month period has been described as a progression through several stages with distinct morphological char- acteristics (4, 32) . Non-membrane-bound lipid inclusions were observed at 1 month. At 2 months multilamellar lysosomal bodies began to appear. Lysosomal lipid bodies were positive for acid phosphatase; however, the amount of enzyme present decreased as the number of lamellae in the lysosome increased. As the process of lysosomal overloading progressed cholesterol accumulated in a fluid state and was eventually converted to cholesterol monohydrate crystals. Cholesterol crystals were first observed at 3 months, and at the end of 6 months 29% of the lipid deposits were non-membranebound, presumably esterified, 33% of the lipid deposits were within lysosomal bodies, esterified and free, and 37% of the lipid was present in the form of cholesterol monohydrate crystals (4). Shio et al. (5) also found cholesterol crystals in cholesterol-fed rabbits after 3-4 months, and Jerome et al. (6, 8) described lysosomal accumulation of lipid in White Carneau pigeons fed a diet supplemented with 0.5% cholesterol and 10% lard for 12 weeks. Similarly, large lipid-filled lysosomal bodies were observed by Lewis et al. (7) in pigeons after 20-26 weeks on a diet of 0.25% cholesterol. Choles-terol crystal-rich lesions were demonstrated in human atheromas by Bocan and Guyton (lo) , and Katz et al. (12) , using radioactive labels in a patient with peripheral vascular disease, showed that cholesterol in the crystalline state is relatively inert. Over the course of 140 days, examinations of atheroma lipid composition determined three distinct physical states for cholesterol within the plaque: liquid (oil droplet), presumably non-membrane-bound, liquid crystalline, probably within lysosomes (phospholipid bilayers), and solid (cholesterol monohydrate crystals). They concluded that cholesterol sequestered in the crystalline state may be difficult or impossible to recycle in vivo and may significantly impede plaque regression. Furthermore, Snow et al. (19) have determined that conditions within the lipid-laden lysosome may enhance cholesterol crystal formation through the presence of heterogeneous catalysts. Crystals may grow to the point that they are no longer contained by lysosomal membrane and are released into the cytosol, where free cholesterol, present as monohydrate crystals, may be toxic to the cell. Free cholesterol crystals are found in the interstitium of many advanced lesions in humans (10, 33) and in hyperlipidemic rabbits (34) , and are presumed to be cell debris from the necrosis of foam cells in the lesion. As we have shown in this study (Figure 3) , the size and shape of the cholesterol crystals in macrophages incubated with ox-LDL were comparable to those of the cholesterol crystals found in atherosclerotic lesions in vivo (4, 10, 33) .
Staining with Nile red has been used previously to study foam cells. Pataki et al. (35) . Liu et al. (36) , Robeneck et al. (37) . and Greenspan et al. (22) used Nile red staining as a marker for fluorescence microscopy of foam cell formation in vitro. Hassal (38) studied uptake and processing of LDL by THP-1 cells, a human macrophage-like cell line, and used Nile red as a marker for macrophages in flow cytometry. Koren et ?I. (39) have shown that microfluorimetry of the emission of Nile red at 589 nm from single P3888D1 cells incubated with acetyl-LDL closely correlated with the measurement of macrophages by gas chromatography. Nile red has also been used to study the lipid content of atheromas (4.40) .
In the present study we have found that increased mean fluorescence intensity at 583-596 nm (yellow-gold) emission from Nile red correlated with increased total cholesterol and cholesteryl esters, while increased mean fluorescence intensity at 597-612 nm (reddish-orange) emission of Nile red correlated with the appearance at 72 hr of multilamellar lysosomal lipoid inclusions. These data suggest that the emission spectrum of Nile red fluorescence can be used to gain insight into the evolution of the biochemical composition of foam cells. As described by Greenspan and Fowler (30) and by Sackett and Wolff (41) . the emission spectrum of Nile red shifts in response to the polarity of environment of the dye. In a neutral lipid rich environment, e.g., in adipocytes, Nile red emits with a peak at 582 nm, corresponding to the bright yellowgold droplets observed in the present study at 24-168 hr. In a polar lipid environment, on the other hand, e.g., in phosphatidylcholine vesicles (30) . Nile red emits with a peak at 628 nm.
The phenomenon of polar dependency of the emission spectrum of Nile red has been used to detect oxidation of LDL (42) and to differentiate between neutral lipids and phospholipid-rich regions (4, 21, 40, (43) (44) (45) (46) (47) . Therefore, the three-way correlation of the change in emission spectrum of Nile red fluorescence, the presence of phospholipid-like inclusions, and the dramatic increase in total and free cholesterol seen at 168 hr suggest that further study of the emission spectrum of Nile red fluorescence and phospholipid accumulation may provide useful information about the biochemical composition of intact foam cells.
In conclusion, the model described here promotes generation of cholesterol crystal formation in a cell culture system that may more closely reflect foam cell generation in vivo, since the cells utilized are true macrophages and the source of cholesterol is ox-LDL. This model may allow rapid investigation of the effects of new compounds on the atherosclerotic process in the most mature and irreversible stages. Furthermore, we have shown that the appearance of reddish-orange emission from Nile red correlates with the appearance of phospholipid-like inclusions, suggesting that Nile red fluorescence may be useful for evaluating the biochemical characteristics of foam cells in situ.
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